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IRUP RI KHDWLQJ >@ +RZHYHU RQH RI WKH ODUJHVW SUREOHPV LQ $6+3 V\VWHPV LV HYDSRUDWRU IURVWLQJ DQG WKH
VXEVHTXHQWQHHGIRUGHIURVWLQJDWORZDPELHQWWHPSHUDWXUHVDQGKLJKKXPLGLW\)URVWIRUPDWLRQRQWKHRXWGRRUKHDW
H[FKDQJHURIDQ$6+3RFFXUVZKHQWKHVXUIDFHWHPSHUDWXUHLVERWKEHORZWKHGHZSRLQWRI WKHPRLVWDLUDQGWKH
IUHH]LQJSRLQWDQGSHULRGLFGHIURVWLQJLVQHFHVVDU\>@
7KHIURVWLQJGHIURVWLQJSURFHVVFDXVHVVLJQLILFDQWSUREOHPVUHGXFHGHQHUJ\HIILFLHQF\LQFUHDVHGSUHVVXUHGURS
RQ DLUVLGH DQG KHDWLQJ VKXWGRZQ >±@'LIIHUHQW VROXWLRQV WR GHOD\ IURVWLQJ DQG LPSURYH GHIURVWLQJ HIILFLHQF\
ZHUH SURSRVHG V\VWHP ZLWK LQWHJUDWHG VROLG GHVLFFDQW UHYHUVHF\FOH GHIURVWLQJ HOHFWULF KHDWLQJ GHIURVWLQJ KRW
ZDWHUVSUD\HWF>±@5HYHUVHF\FOHGHIURVWLQJLVFXUUHQWO\WKHPRVWZLGHO\XVHGGHIURVWLQJPHWKRG>@
7KHHQHUJ\XVHGIRU UHYHUVHF\FOHGHIURVWLQJFRPHV IURPWKUHHVRXUFHV WKH LQSXWSRZHU WRFRPSUHVVRU WKH LQSXW
SRZHU WR LQGRRUDLU IDQDQG WKH WKHUPDO HQHUJ\ IURP LQGRRUDLU >@7KHHQHUJ\FRQVXPSWLRQGXH WR WKHGHIURVW
F\FOHVVKRXOGEHFRQVLGHUHGLQFDOFXODWLQJWKHKHDWSXPSSHUIRUPDQFH+RZHYHUWKHFDOFXODWLRQPHWKRGVSURSRVHG
E\WKH(XURSHDQVWDQGDUGVLJQRUHWKLVHIIHFW>@
0DQ\VWXGLHVUHSRUWRQWKHSHUIRUPDQFHRIWKH$6+3V\VWHPXQGHUIURVWLQJFRQGLWLRQV>±±@7KHHQHUJ\
HIILFLHQF\RI$6+3V\VWHPVFDQEHLQFUHDVHGE\QRWRQO\RSWLPL]LQJWKHRSHUDWLRQDOSDUDPHWHUVRIH[LVWLQJV\VWHPV
EXWDOVRE\LQWHJUDWLQJQHZHOHPHQWVLQWRVXFKV\VWHPRUORRNLQJIRUQHZWHFKQLFDOVROXWLRQV&DEURODQG5RZOH\
>@VXJJHVWHGD IORRUHPEHGGHGKHDWLQJV\VWHPFRXSOHG WRDPRGHUQ$6+3WKDWFRXOG UHGXFHUXQQLQJFRVWVDQG
&2HPLVVLRQV7RXFKLHDQG3UHVVQDLO>@SUHVHQWHGWKHRSHUDWLRQRIDQ$6+3LQWKHUPDOEXIIHU]RQHFUHDWHGE\DQ
HQFORVHG EDOFRQ\ VSDFH 6XFK VROXWLRQ FDQ LPSURYH WKH FRHIILFLHQW RI SHUIRUPDQFH &23 LQ FROG WHPSHUDWXUHV
.DPHO DQG )XQJ >@ GHYHORSHG D 7516<6 PRGHO WR LQWHJUDWH D SKRWRYROWDLFWKHUPDO FROOHFWRU LQ D URRI DQG
FRXSOHGLWZLWK$6+37KLVVXJJHVWLRQHQDEOHVDKLJKO\HIILFLHQWKHDWLQJV\VWHPLQZLQWHUFRQGLWLRQV
'HVSLWHWKHODUJHQXPEHURIVWXGLHVRQWKHSHUIRUPDQFHDQGWHFKQLFDOVROXWLRQVRIDQ$6+3V\VWHPGHIURVWLQJ
FDXVHV WKH SHULRGLF LQWHUUXSWLRQ RI RXWGRRU KHDWLQJ DQG GHJUDGDWLRQ LQZLQWHU KHDWLQJ HIILFLHQF\ 7KHUHIRUH WKLV
VWXG\VXJJHVWV WKH LGHDRIVRODUDVVLVWHG$6+3WRSUHYHQW WKHKHDWSXPSIURPIURVWLQJ8QJOD]HG WUDQVSLUHGVRODU
FROOHFWRU 876& WHFKQRORJ\ LV LQWHJUDWHGZLWK$6+3$OWKRXJK876& LV D UHODWLYHO\QHZGHYHORSPHQW LQ VRODU
FROOHFWRUWHFKQRORJ\LWFDQVHUYHDVDQHQHUJ\VDYLQJPHDVXUHLQEXLOGLQJHQJLQHHULQJV\VWHPV>@7KHDLPRIWKLV
ZRUNLVWRGHWHUPLQHWKHSHUIRUPDQFHEHQHILWVRIRSHUDWLQJDQ$6+3ZLWK876&7516<6VLPXODWLRQVRIWZDUHLV
XVHGWRPRGHOWKHRSHUDWLRQRI$6+3DQGLQWHJUDWHGV\VWHPRI$6+3ZLWK876&6LPXODWHGUHVXOWVDUHFRPSDUHG
ZLWKH[SHULPHQWDOGDWDJDWKHUHGLQWKH/DERUDWRU\RI%XLOGLQJ(QHUJ\DQG0LFURFOLPDWHV\VWHPV%(06LQ9LOQLXV
*HGLPLQDV7HFKQLFDO8QLYHUVLW\7KHUHVXOWVIURPWKLVVWXG\FRXOGEHXVHGWRLPSURYHWKHRSHUDWLRQSURFHVVRIWKH
$6+3V\VWHP

1RPHQFODWXUH
&23  FRHIILFLHQWRISHUIRUPDQFH   Xmeasured PHDVXUHGYDOXH
cp  VSHFLILFKHDWFDSDFLW\RIIOXLGN-NJā.  Xsimulated  VLPXODWHGYDOXH
I  HOHFWULFDOFXUUHQW$ 
t  WHPSHUDWXUH&     Greek letters
tin  IOXLGWHPSHUDWXUHDWWKHLQOHW&   ǻcurr GHYLDWLRQDWFXUUHQWWLPHVWHS
tout  IOXLGWHPSHUDWXUHDWWKHRXWOHW&   ǻPD[ PD[LPXPGHYLDWLRQ 
U  YROWDJH99    ȡ IOXLGGHQVLW\NJP
V   YROXPHWULFIORZUDWHPK   Ĳperiod WLPHSHULRGPLQ  
:506( ZHLJKWHGURRWPHDQVTXDUHHUURU   cos (ĳ) SRZHUIDFWRU
6\VWHPVGHVFULSWLRQ
$QDO\]HGV\VWHPVDUHXVHGLQWKH%(06/DERUDWRU\LQ'HSDUWPHQWRI%XLOGLQJ(QHUJHWLFVRI9LOQLXV*HGLPLQDV
7HFKQLFDO8QLYHUVLW\7KLV ODERUDWRU\ P LV HTXLSSHGZLWKDQXPEHURI UHQHZDEOHHQHUJ\ WHFKQRORJLHV DQG
HTXLSPHQWZKLFKXVHUHQHZDEOHHQHUJ\$QDLUWRZDWHUKHDWSXPS+3DVZHOODV876&DUHXVHGIRUKHDWLQJRI
ODERUDWRU\>@)LJLOOXVWUDWHVWKHV\VWHPVXVHGLQH[SHULPHQWV
 
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)LJ'LDJUDPRIWKHDQDO\]HGV\VWHPVDRSHUDWLRQRIVWDQGDORQH$6+3$FDVHERSHUDWLRQRI$6+3FRPELQHGZLWK876&%FDVH
7KHPL[WXUHRIZDWHUDQGHWK\OHQHJO\FRORIVWRUDJHWDQNLVKHDWHGE\WKHDLUWRZDWHU+3IRUERWKFDVHV:KHQ
WKH$6+3RSHUDWHVDORQH LQKHDWLQJPRGHFDVH$GXULQJ WKHFROGSHULRG ILUVWO\ LWKHDWV WKHVWRUDJH WDQN:KHQ
$6+3RSHUDWHVZLWK876&FDVH%IUHVKDLUJRHVILUVWWKURXJKWKH876&ZKHUHLWLVSUHKHDWHG
876& WHFKQRORJ\ $ SHUIRUDWHG DEVRUEHU SODWH LV LQVWDOOHG LQ D ORFDWLRQ ZKHUH LW LV H[SRVHG WR VRODU 876&
LQWDOOHGLQWKH%(06ODERUDWRU\FRQVLVWVRIWKUHHVHFWLRQVZKLFKGLIIHUE\OHQJWKDQGDUHHTXDOWRPPDQGP
UHVSHFWLYHO\$LUJRHVIURPHDFKVHFWLRQRI876&WRWKHPDLQDLUGXFW,WVGLPHQVLRQVDUHPLQKHLJKWDQGP
LQZLGWKWKHWRWDODUHDLVP$LUIORZUDWHFDQEHUHJXODWHGZLWKYDOYHVRUVWRSSHGE\FORVLQJWKHYDOYHV7KH
VXSSO\DLUWHPSHUDWXUHWRWKHDLUKDQGOLQJXQLWFDQEHFKDQJHGE\UHSODFLQJWKHSRVLWLRQRIYDOYHV7KHKHDWWUDQVIHU
RIWKHWUDQVSLUHGSODWHRFFXUVDWWKHIURQWRISODWHWKHKROHVDQGWKHEDFNRISODWH
$6+3 WHFKQRORJ\ $ YDULDEOHVSHHG ORZ WHPSHUDWXUH $6+3 LV VHOHFWHG 7KH $6+3 ZDV PDQXIDFWXUHG E\
$HUPHF$1.+3DQGKDVDUDWHG&23RIDWFRQGLWLRQ$:LQKHDWLQJPRGHKHDWFDSDFLW\RI
N:DQGHOHFWULFDOSRZHURIN:
0HDVXUHPHQWVDQGXQFHUWDLQW\
7KHPDLQREMHFWRIPHDVXUHPHQWVLVWRFDOLEUDWHVLPXODWLRQPRGHOVFDVH$RSHUDWLRQRIDQ$6+3DQGFDVH%
RSHUDWLRQ RI DQ$6+3ZLWK876& 7KH V\VWHPV DQG WKHLUPRGHOVZHUH WHVWHG LQ WKH %(06 ODERUDWRU\ DW ORFDO
ZHDWKHUFRQGLWLRQV7KHVHOHFWHGSHULRGVSUHVHQWHGDUHWKRVHZKHQWKHRXWGRRUDLUWHPSHUDWXUHUDQJHGIURP±&WR
&DPLQWLPHLQWHUYDOZDVFKRVHQIRUPHDVXUHPHQWV
)RUDYDOXHFDOFXODWHGIURPPHDVXUHPHQWVRIVHYHUDOLQGLYLGXDOYDOXHVWKHXQFHUWDLQO\RIWKHUHVXOWDQWYDOXHLV
GHWHUPLQHGE\DSSO\LQJWKHODZRISURSDJDWLRQRIXQFHUWDLQWLHVRIWKHLQGLYLGXDOYDOXHVPHDVXUHG,WLVDVVXPHGWKDW
WKH XQFHUWDLQWLHV DUH LQGHSHQGHQW RI RQH DQRWKHU DQG WKDW HDFK IROORZV D QRUPDO*DXVVLDQGLVWULEXWLRQ7KXV IRU
LQVWDQFHWZRUDQGRPO\VHOHFWHGYDOXHVPLJKWERWKKDYHDQXQFHUWDLQW\LQWKHVDPHGLUHFWLRQ>@
7KH&23RIWKH+3LVHYDOXDWHGDVDUDWLRRIKHDWFDSDFLW\RXWSXWDQGSRZHULQSXWH[SUHVVHGDV
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7KHPHDVXUHGSHUIRUPDQFHSDUDPHWHUVDLUWHPSHUDWXUHDIWHUKHDWH[FKDQJHULQOHWDQGRXWOHWZDWHUWHPSHUDWXUHV
DQGHOHFWULFLW\FRQVXPSWLRQIRUERWKFDVHVDUHSORWWHGLQ)LJ7KHUHVXOWVRIXQFHUWDLQW\DQDO\VLVIRUWKHSK\VLFDO
SDUDPHWHUVPHDVXUHG LQ WKLV VWXG\DUHSURYLGHG LQ7DEOH8QFHUWDLQW\RIPHDVXUHPHQWV H[SUHVVHVTXDOLW\RI WKH
H[SHULPHQWDQGDWWKLVFDVHLVLPSRUWDQWIRUFDOLEUDWLRQSURFHGXUH
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 D E
)LJ3HUIRUPDQFHSDUDPHWHUVRIWKH$6+3DRSHUDWLRQRIWKHVWDQGDORQH$6+3ERSHUDWLRQRIWKH$6+3FRPELQHGZLWK87&6
:KHUH pV

LV WKHSHUPDQHQW IORZUDWH WKHYDOXHPK LVXVHG7KHSHUPDQHQW IORZUDWH LV WKHKLJKHVW IORZ
UDWHDWZKLFKWKHKHDWPHWHUVKDOOIXQFWLRQFRQWLQXRXVO\ZLWKRXWWKHPD[LPXPSHUPLVVLEOHHUURUVEHLQJH[FHHGHG
8VLQJWKHXQFHUWDLQW\PHWKRGRORJ\GHVFULEHGDERYHWKHPD[LPXPXQFHUWDLQW\RIWKH&23IRU&DVH$LV
DQGWKHPLQLPXPZKHQWKH$6+3RSHUDWHVXQGHUSUHVFULEHGZHDWKHUFRQGLWLRQV
7DEOH0HDVXULQJLQVWUXPHQWVDQGWKHLUVSHFLILFDWLRQV
0HDVXULQJLQVWUXPHQW 0HDVXULQJUDQJH $FFXUDF\RIWKHSULPDULO\PHDVXUHGYDOXHV
7HPSHUDWXUHVHQVRU37 ±±& &ODVV%ǻt āt>@
)ORZPHWHU ±OK &ODVVǻt  āVp/V >@
$OWHUQDWLQJFXUUHQWVHQVRU ±$ RIIXOOVFDOH

6LPLODU UHVXOWV DUH FDOFXODWHG IRU&DVH% $6+3FRPELQHGZLWK876& WKHPD[LPXPXQFHUWDLQW\ IRU&23 LV
DQG WKHPLQLPXPXQFHUWDLQW\ LVUHVSHFWLYHO\$FFRUGLQJ WR WKHUHVXOWV WKHXQFHUWDLQW\IRUERWK
FDVHVGRHVQRWH[FHHG7KLVLQGLFDWHVWKDWH[SHULPHQWVZHUHFDUULHGRXWZLWKUHDVRQDEOHXQFHUWDLQW\
0RGHOVLQ7516<6
7516<6 LV D G\QDPLF VLPXODWLRQ WRRO GHYHORSHG RYHU  \HDUV ZLWK IOH[LELOLW\ LQ PRGHOLQJ V\VWHPV DQG
EXLOGLQJV >@ 7KH PRGHO LV H[HFXWHG DW D  PLQ WLPH LQWHUYDO DV QHFHVVDU\ WR UHIOHFW FRQWURO WLPH FRQVWDQW
0DWKHPDWLFDO PRGHOV XVHG WR SHUIRUP VLPXODWLRQ LQ 7516<6 DUH GHVFULEHG LQ WKH IROORZLQJ VXEVHFWLRQV RI WKH
DUWLFOH
4.1. ASHP model 
)RUKHDWSXPS+3SHUIRUPDQFHPRGHOLQJ7\SHZKLFKUHSUHVHQWVRSHUDWLRQEDVHGRQSHUIRUPDQFHPDSLV
WDNHQIURPPDQXIDFWXUHUGRFXPHQWDWLRQ>@6XSSOLHGGDWDRIKHDWLQJFDSDFLW\DQGFRQVXPHGSRZHUIRUWKHJLYHQ
LQOHWDLUDQGZDWHUWHPSHUDWXUHVDUHXVHG7KHVLPXODWLRQPRGHORI$6+3RSHUDWLRQZDVLPSOHPHQWHGLQ7516<6
DVVKRZQLQ)LJLQZKLFKWKHHTXLSPHQWXVHGDQGDOOWKHLULQWHUFRQQHFWLRQVDUHGHSLFWHG
7\SLFDO+3PRGHOVXWLOL]LQJ&23GDWDIURPPDQXIDFWXUHUGRFXPHQWDWLRQVGRQRWWDNHLQWRDFFRXQWDQHYDSRUDWRU
IURVW IRUPDWLRQ HIIHFWV DW QHJDWLYH RXWGRRU WHPSHUDWXUHV $GYDQFHG PRGHOV OLNH 7\SH  >@ DSSOLHV &23
FRUUHFWLRQEDVHGRQDLUWHPSHUDWXUHIRUZKROHRSHUDWLRQWHPSHUDWXUH7KHUHLVDODFNRIUHDOWLPHLPSDFWPRGHOVRI
IURVWLQJDQGGHIURVWLQJSHULRGPRGHOLQJGXHWRWKHFRPSOH[SURFHVVRIIURVWJURZLQJDQGWKH&23GHFUHDVHGXHWR
ORZHUKHDWWUDQVIHURIWKHHYDSRUDWRU
















:&
7LPH
$LUWHPSHUDWXUHDIWHUKHDWH[FKDQJHU&
,QWOHWZDWHUWHPSHUDWXUH&
2XWOHWZDWHUWHPSHUDWXUH&
(OHFWULFLW\FRQVXPSWLRQ:













:&
7LPH
$LUWHPSHUDWXUHDIWHUKHDWH[FKDQJHU&
,QWOHWZDWHUWHPSHUDWXUH&
2XWOHWZDWHUWHPSHUDWXUH&
$LUWHPSHUWXUHDIWHUVRODUZDOO&
(OHFWULFLW\FRQVXPSWLRQ:
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7R UHDFK D KLJKHU DFFXUDF\ RI WKH PRGHOLQJ DQG WR PDNH LW SRVVLEOH WR LQYHVWLJDWH WKH LPSDFW RI GLIIHUHQW
GHIURVWLQJ VWUDWHJLHV RQ IURVWLQJ GXUDWLRQ D PRGHO EDVHG RQ H[SHULPHQWDO GDWD ZDV XVHG 7KH IURVWLQJ PRGHO
H[SUHVVHV WLPH IURPRQH WR WKHRWKHUGHIURVWLQJSHULRGEDVHGRQDPRXQWRIFRQGHQVDWLRQ UDWHVRQHYDSRUDWRUDQG
LQOHW WHPSHUDWXUH GDWD 6XFK D GDWD GULYHQ PRGHO ZDV FUHDWHG E\ XVLQJ 0$7/$% &XUYH ILWWLQJ WRRO IURP
PHDVXUHPHQWGDWD)RUWKLVUHVHDUFKZHXVHGWKLVPHWKRGWRVLPXODWHWKH+3RSHUDWLRQEHFDXVHWKHH[DFWDOJRULWKP
IRU WKLV VHTXHQFH RI QRUPDO RSHUDWLRQ DQG GHIURVWLQJ ZDV XQNQRZQ GXH WR FRPPHUFLDO UHVWULFWLRQV RI +3
PDQXIDFWXUHU

/RDGREMHFW
7\SH
&LUFXODWLRQ
SXPS7\SH

$FXPXODWLRQ
WDQNZLWK
LQQHUVHGKHDW
H[FKDQJHUV
&LUFXODWLRQ
SXPS7\SH

3LSHVHJPHQW
HOHPHQW7\SH

3LSHVHJPHQW
HOHPHQW7\SH

73LHFH
IORZVPL[LQJ
7\SHG
73LHFH
IORZVPL[LQJ
7\SHK
'HIURVWLQJ
FRQVXPSWLRQ
UHSUHVHQWDWLRQ
7\SH
7DEXODWHGGDWD
$6+37\SH

,QSXWGDWD7\SH
3DUDPHWHU
GHOD\7\SH

)URVWIRUPDWLRQ
PRGHOLQ
0DWODEYLD
7\SH
'HIURVWLQJ
VLJQDOORJLFV
&DOFXODWRU
6LPXODWHG$LUVRXUFHKHDWSXPS$6+3V\VWHPZLWKDFFXPXODWLRQWDQN 
)LJ$6+3PRGHOLQ7516<6HQYLURQPHQW
,Q WKLV FDVH DQ $LUPHFR +3 LV XVLQJ UHYHUVH GHIURVWLQJ PHWKRG 7516<6 W\SH  LV VZLWFKHG RII GXULQJ
GHIURVWLQJSHULRG$FFRUGLQJWRPHDVXUHPHQWVWKHDYHUDJHGHIURVWGXUDWLRQODVWVDSSUR[LPDWHO\PLQXWHV'XULQJ
WKLVSHULRGKHDW LV WDNHQRXWIURPWKHVWRUDJHWDQN7KHZDWHUIORZLVFRROHGDWDUDWHHTXDO WR WKHHQHUJ\DPRXQW
QHHGHGWRPHOWPDVVRIIURVWDFFXPXODWHGRQWKHHYDSRUDWRU±WKLVDFWLRQLVVLPXODWHGE\XVLQJDX[LODU\FRROHU7\SH
'HIURVWLQJRSHUDWLRQPRGHKDVKLJK LQIOXHQFHRQ WKHVHDVRQDOSHUIRUPDQFHIDFWRU 63)'XH WRIURVWLQJDQG
GHIURVWLQJSURFHVHVLQIOXFHWRHQHUJ\FRQVXPSWLRQWKLVDVSHFWVKRXOGQRWEHQHJOHFWHGIURPVLPXODWLRQPRGHO,WLV
LPSRUWDQWWRWDNHWKHVHHIIHFWVLQWRDFFRXQWZKHQEXLOGLQJWKHUPDOFRPIRUWLVDVVHVVHGDWVKRUWWLPHSHULRGV
'XH WR VLPSOLILFDWLRQ UHDVRQV &23 GHJUDGDWLRQ GXULQJ IURVW IRUPDWLRQ RQ WKH HYDSRUDWRU LV QRW WDNHQ LQWR
DFFRXQW2QO\GXUDWLRQWLOOWRWDOIURVWLQJLVFDOFXODWHGDQGGHIURVWLQJSURFHGXUHZLWKUHYHUVHF\FOHLVVLPXODWHG6XFK
FRQILJXUDWLRQKHOSVWRHYDOXDWHVKRUWWHUPHIIHFWVZKLFKLQIOXHQFHWKHGHJUDGDWLRQRIWKH63)RI$6+3VFRQQHFWHG
WRVSDFHRUGRPHVWLFKRWZDWHUKHDWLQJV\VWHPV
4.1. UTSC model 
7\SHPRGHOVDQXQJOD]HGVRODUFROOHFWRUWKDWSDVVHVWKHDLUEHKLQGWKHSODWHZKLFKDEVRUEVVRODUUDGLDWLRQ
0RLVW DLU FDOFXODWLRQV DUH QRW LQFOXGHG LQ WKLVPRGHO7KHUPDOPRGHO RI WKLV W\SH LV EDVHGRQ WKH E\'XIILH DQG
%HFNPDQ>@7KHW\SHIURP7516<6OLEUDU\RSHUDWHVZLWKVLQJOHLQOHWLQWKHERWWRPRIWKHSODWHDQGLWGRHV
QRW UHIOHFW WKH DFWXDO VLWXDWLRQRI WKH DQDO\]HG876& LQVWDOODWLRQ DW%(06 ODERUDWRU\&UHDWHG VLPXODWLRQPRGHO
FRPELQHV PXOWLSOH 7\SHV DV 876& VHJPHQWV ,Q RUGHU WR UHDFK D PRUH UHDOLVWLF IORZ DQG VXUIDFH WHPSHUDWXUH
GLVWULEXWLRQHDFKVHJPHQWJHWVLWVIORZUDWHPL[HGIURPWKHERWWRPLQWDNHDQGSDUWIURPDPELHQWDLUVXFNHGIURPDLU
LQWDNH KROHV 7KLV DVVXPSWLRQ FUHDWHV WKH SRVVLELOLW\ WR XVH WKH VLPXODWLRQ PRGHO WR SUHGLFW FROOHFWRU VXUIDFH
WHPSHUDWXUHDQGKHOSVWRJHWDPRUHUHDOLVWLFIORZGLVWULEXWLRQDORQJWKHFROOHFWRUKHLJKW/DWHUWKLV876&PRGHOLV
LQFRUSRUDWHGLQWRWKH$6+3PRGHODQGWKHQHZV\VWHPLVDQDO\]HG
0RGHOVFDOLEUDWLRQ
&DOLEUDWLRQRIPRGHOHOHPHQWVLVDQLPSRUWDQWVWHSGXULQJSUHSDUDWLRQIRUFRPSOH[VLPXODWLRQURXWLQHVXVHGIRU
V\VWHPGHVLJQDFFXUDWHSHUIRUPDQFHSUHGLFWLRQDQGSDUDPHWULFVWXGLHV,QWKLVFDVHWKHIROORZLQJVWHSVZHUHWDNHQ
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x 6HOHFWPDWKHPDWLFDOPRGHOVVXLWDEOHIRUSDUWLFXODUHOHPHQWVIRUUHTXLUHGWLPHVFDOH
x ,GHQWLI\WXQLQJSDUDPHWHUVLQPDWKHPDWLFDOPRGHOV
x &RPSDUHVLPXODWLRQDQGPHDVXUHPHQWGDWDDQGH[SUHVVWKHGLIIHUHQFHVZLWKHUURUIXQFWLRQ
x )LQGSDUDPHWHUVHQVXULQJEHVWPRGHOILWWLQJPHDVXUHGGDWDRXWSXWV
:KHQH[SHULPHQWDOGDWDLVDYDLODEOHDVLQSXWDQGRXWSXWVHWWLQJSDUDPHWHUVRIPRGHOVFRXOGEHGRQHPDQXDOO\
EDVHGRQWULDODQGHUURURUE\HPSOR\LQJRSWLPL]DWLRQWRROV7KHJRDORIWKHFDOLEUDWLRQSURFHGXUHLVWRILQGPRGHO
SDUDPHWHUVWKDWHQVXUHPLQLPXPSRVVLEOHYDOXHRIHUURUIXQFWLRQ7KHPLVPDWFKLVH[SUHVVHGXVLQJEDVLFVWDWLVWLFDO
H[SUHVVLRQ±:HLJKWHG5RRW0HDQ6TXDUH(UURU:506(DVDPRGLILHG5RRW0HDQ6TXDUH(UURU506(
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period curr
period
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   
&DOLEUDWLRQTXDOLW\LVDVVHVVHGYLDPLVPDWFKIXQFWLRQ7KLVIXQFWLRQH[SUHVVHVWKHFXPXODWLYHGLIIHUHQFHEHWZHHQ
PHDVXUHGDQGVLPXODWHGGDWDSRLQWV,QRUGHUWRDYRLGHUURUFRPSHQVDWLRQLQVXPPDWLRQGXHWRSRVLWLYHDQGQHJDWLYH
GLIIHUHQFHVDFRPSDULVRQRIVLQJOHGDWDSRLQWSDLULVVTXDUHGEHIRUHVXPPDWLRQ
:KLOH PHDVXUHPHQW KDV XQFHUWDLQW\ WKLV DVSHFW VKRXOG EH WDNHQ LQWR DFFRXQW GXULQJ WKH FDOLEUDWLRQ SURFHVV
$VVXPLQJ WKDW SRLQWV ZLWK JUHDWHU XQFHUWDLQW\ KLJKHU PHDVXUHPHQW HUURU VKRXOG KDYH OHVV LQIOXHQFH ZKHQ
VHDUFKLQJ IRUSDUDPHWHUV WR ILW FXUYHV HUURUV DUH FRXQWHG DVZHLJKW IDFWRUV LQ WKHPLVPDWFK IXQFWLRQ'XULQJ WKH
PRGHO FDOLEUDWLRQ SURFHGXUHV WKH SDUDPHWHUV RI 7516<6 W\SHV ZHUH DGMXVWHG WR KDYH EHWWHU PRGHO ILWWLQJ E\
PLQLPL]LQJWKH506(DQG:506(SDUDPHWHUV7KHORZHVWYDOXHVRIWKHVHVWDWLVWLFDOSDUDPHWHUVHQVXUHWKHFORVHVW
PDWFKRIVLPXODWHGDQGPHDVXUHGGDWD
5HVXOWVDQGGLVFXVVLRQ
6LPXODWLRQPRGHOZLWK WHFKQLFDOSDUDPHWHUVIURPGRFXPHQWDWLRQRU LQLWLDOSDUDPHWHUVKDVDTXLWHXQDFFHSWDEOH
GLVFUHSDQF\IURPPHDVXUHGGDWD+HDWSXPSRXWOHWWHPSHUDWXUH876&RXWOHWDLUWHPSHUDWXUHDQGKHDWSXPS&23DV
PDLQ LQGLFDWRUVZHUHFKRVHQ7RFUHDWH WKHFORVHVWSRVVLEOHPDWFKPRGHOSDUDPHWHUVPHQWLRQHG LQ7DEOHZHUH
DGMXVWHG6HSDUDWHFRPSRQHQWPRGHOVDQGDQRYHUDOO V\VWHPPRGHOZDVFUHDWHGZLWKLQ WKH7516<66WXGLR WKHQ
EHLQJSDUDPHWHUL]HGXVLQJWDEOHRSWLRQLQ751(',7XVLQJYDULDEOHVDQGGHILQLQJSURSHURXWSXWILOHV
7DEOH3DUDPHWHUVDGMXVWHGGXULQJWKHPRGHOILWWLQJ
3DUDPHWHU 6XEPRGHO 9DOXH
$LUWHPSHUDWXUHOLPLWIRUHYDSRUDWRUIURVWLQJ $6+3 &
7RWDOFXPXODWHGIURVWDPRXQWWLOOGHIURVWLQJ $6+3 >@
)URQWORVVFRHIILFLHQW 876& :P.
%DFNORVVFRHIILFLHQW 876& :P.
+HDWWUDQVIHUUDWH 876& :P.
6.1. Measured and simulated values comparison 
$IWHUDGMXVWPHQWRISHUIRUPDQFHGDWDXVHGWRVLPXODWH$6+3RSHUDWLRQLQ7516<6W\SHDJRRGFRQIRUPLW\
EHWZHHQVLPXODWHGDQGPHDVXUHGGDWDZDVUHDFKHGXVLQJPHDVXUHGLQOHWZDWHUWHPSHUDWXUHVDVPRGHOLQSXWVHH)LJ
D7KHFRPSDULVRQEHWZHHQPHDVXUHGDQGVLPXODWHGGDWDRI876&RXWOHWDLUWHPSHUDWXUHVLVVKRZQLQ)LJE
'XHWRIURVWLQJHIIHFWV+3RSHUDWLRQFRXOGQRWEHVLPXODWHGDFFXUDWHO\ZKHQWKHVHHIIHFWVDUHQHJOHFWHGDVLWLV
GRQH LQ(1VWDQGDUGEDVHGPHWKRGV:KLOHPDQXIDFWXUHUVJLYHSHUIRUPDQFHGDWDZLWKRXW IURVWLQJDQG
WKHUH LV QR H[SODLQHG DQG VWDQGDUGL]HG ZD\ WR LQFOXGH IURVW IRUPDWLRQ DQG GHFUHDVH WKH 63) GXH WR GHIURVWLQJ
SHULRGVZHXVHGDQHPSLULFDOGDWDGULYHQIURVWIRUPDWLRQPRGHOZKLFKKHOSVWRFUHDWHEHWWHUILWVLPXODWLRQPRGHO
7KLVPRGHOUHIOHFWVRSHUDWLRQRIWKH$6+3XQGHUIURVWLQJWHPSHUDWXUHVPRUHDFFXUDWHO\
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
)LJ&RPSDULVRQRIVLPXODWHGDQGPHDVXUHGZDWHUWHPSHUDWXUHVDIWHU$6+3DDQGDLUWHPSHUDWXUHDIWHU876&E
,QWKHLGHDOFDVHZKHQPHDVXUHGDQGVLPXODWHGYDOXHVPDWFKDOOPHDVXUHPHQWSRLQWVZLOODSSHDURQWKHGDVKHG
OLQHVHH)LJE,QWKHFDVHZKHQPRGHOLVILWWHGZLWKPLVPDWFKVRPHFRPSDULVRQSRLQWVDUHEHORZWKHOLQH7KLV
PHDQVWKDWWKHPRGHORYHUHVWLPDWHVPRVWRIWKHYDOXHVRUSUHGLFWVPRUHSHVVLPLVWLFYDOXHVWKDQWKHUHDOV\VWHPKDV
,QWKLVFDVHWKHGHFUHDVHRIORVVHVDQGLQFUHDVHRIKHDWWUDQVIHULQWKH876&PRGHOFUHDWHVDKLJKHUPLVPDWFK'XH
WRWKLVVLWXDWLRQLWZDVGHFLGHGWRDFFHSWWKHSUHVHQWHGSDUDPHWHUVDVFRUUHFWIRUPRGHOILWWLQJ
6.2. Statistical evaluation 
'XULQJ WKHFDOLEUDWLRQSURFHGXUH WKH VWDWLVWLFDOSDUDPHWHU:506(ZDVH[DPLQHGDQGSDUDPHWHUVHQVXULQJ WKH
ORZHVWHUURUYDOXHZHUHVHOHFWHG%\FRPELQLQJPHDVXUHPHQWXQFHUWDLQW\ZLWKPRGHOILWWLQJWKHRYHUDOOSUHGLFWLRQ
HUURUFRXOGEHH[SUHVVHG IRUDEVROXWHYDOXHV8QFHUWDLQW\ ILWWLQJHUURUDQGRYHUDOOSUHGLFWLRQYDOXHVDUHVKRZQ LQ
7DEOH
7DEOH3DUDPHWHUVDGMXVWHGGXULQJWKHPRGHOILWWLQJ
3DUDPHWHU 0HDVXUHPHQWXQFHUWDLQW\ :506( 2YHUDOOSUHGLFWLRQHUURU
$6+3ZDWHURXWOHWWHPSHUDWXUH & & &
$6+3&23 >@ >@ >@
876&DLURXWOHWWHPSHUDWXUH & & &
$6+3ZLWK876&ZDWHURXWOHWWHPSHUDWXUH & & &
$6+3ZLWK876&FRHIILFLHQWRISHUIRUPDQFH >@ >@ >@

7KXVDFRQFOXVLRQFRXOGEHGUDZQWKDWZKHQWKH$6+3LVXVHGZLWK876&WKHKHDWSXPS&23YDOXHFRXOGEH
SUHGLFWHGZLWKDQDFFXUDF\RI)RU WKHVHVLPXODWLRQV WKH WHPSHUDWXUHVRI WKHRXWOHWV IURPWKH+3DQG87&6
KDYH DEVROXWH HUURUV RI & DQG  & UHVSHFWLYHO\ ,I +3 V\VWHPV DUH GHVLJQHG WR RSHUDWH DW D  GHJUHH
WHPSHUDWXUHGLIIHUHQFHZKLFKLVW\SLFDOWKLVPRGHOFRXOGSUHGLFWHQHUJ\FRQVXPSWLRQZLWKDQDFFXUDF\RIIRU
WKHSHULRGVZKHQIURVWLQJDSSHDUVRQWKHHYDSRUDWRU)RUSHULRGVZLWKRXWIURVWIRUPDWLRQ$6+3SHUIRUPDQFHFRXOG
EHSUHGLFWHGZLWKJUHDWHUDFFXUDF\GXHWRWKHFORVHUFRQGLWLRQVRIPDQXIDFWXUHUGHFODUHGGDWD
7R UHDFK KLJKHU DFFXUDF\ RI SUHGLFWLRQPRGHOV WKH\ VKRXOG EHPRUH FRPSOH[ DQG FDOLEUDWLRQ SHULRGV VKRXOG
FRYHUPRUHRSHUDWLRQFRQGLWLRQV
&RQFOXVLRQ
7KHSHUIRUPDQFHFKDUDFWHULVWLFVRIDLUVRXUFHKHDWSXPS$6+3ZHUHH[SHULPHQWDOO\LQYHVWLJDWHG7KHHIIHFWVRI
WKHIURVWIRUPDWLRQLQIOXHQFHRQRSHUDWLRQDOSHUIRUPDQFHDVZHOODVWKHFRPELQDWLRQZLWKXQJOD]HGWUDQVSLUHGVRODU
FROOHFWRUWRGHFUHDVHIURVWLQJDUHGLVFXVVHG7KHIROORZLQJFRQFOXVLRQVFDQEHPDGH
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x 0RGHO LV FDOLEUDWHG DFFRUGLQJ WR PHDVXUHPHQW GDWD DQG WKH DFFXUDF\ RI VLPXODWLRQ PRGHO SUHGLFWLRQV KDV D
GHYLDWLRQRIFDXVHGGXHWRXQFHUWDLQW\LQPHDVXUHPHQWVDQGSRVVLEOHHUURUGXHWRPRGHOILWWLQJ
x 7\SLFDOO\ XVHGPRGHOV QHJOHFW VKRUW WHUP HIIHFWV RI IURVW IRUPDWLRQ DQG RQ DLU VRXUFH KHDW SXPS HYDSRUDWRU
([DPLQLQJ SRVVLEOH LPSURYHPHQW VWUDWHJLHV IRU $6+3 VHDVRQDO SHUIRUPDQFH LPSURYHPHQW XVLQJ RI DLU
SUHKHDWLQJ DVSHFW KDV WR EH WDNHQ LQ WR DFFRXQW$XWKRUV VXJJHVW XVLQJ WKH GDWD GULYHQ IURVW IRUPDWLRQPRGHO
EDVHGRQPHDVXUHPHQWVWRFDSWXUHVKRUWWHUPHIIHFWV
x $V D UHVXOW VLPXODWLRQ PRGHOV ZHUH FDOLEUDWHG DFFRUGLQJ WR PHDVXUHG GDWD E\ ILWWLQJ 7516<6 FRPSRQHQW
SDUDPHWHUVDQGDGGLQJDGGLWLRQDOFDOFXODWLRQURXWLQHVWRWKHVLPXODWLRQPRGHOXVHGWRSUHGLFWVRODUDVVLVWHGKHDW
SXPSSHUIRUPDQFH
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7KH DXWKRUVZRXOG OLNH WR H[SUHVV WKHLU JUDWLWXGH WR WKH%XLOGLQJ (QHUJ\ DQG0LFURFOLPDWH 6\VWHPV %(06
ODERUDWRU\IRUWKHXVHRIWKHLU7516<6DQG0DWODEVRIWZDUHDQGWKHSRVVLELOLW\WRXVHFRPSXWDWLRQDOUHVRXUFHVIRU
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